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Abstract. Pier column, as the most critical load-bearing member of bridge, can bear multiple loads including axial forces,
shear forces, bending moments, etc. The varied cross section at the column interface and bearing platform or drilled shaft leads
to harmful stress concentration that can potentially compromise the structural integrity. In order to improve the ductility of
bridge structure, a pier column is often designed with a variable cross-section region to dissipate energy through plastic
deformation. For better understanding the health condition of pier column in its service life, it is of great significance to obtain
the damage severity information in the variable cross-section region. This study utilizes an active sensing method enabled by
distributed Lead Zirconate Titanate (PZT)-based Smart Aggregate (SA) sensors to monitor the damage initiation and
development near the bottom of a pier column. Crack damage in variable cross-section region functions as a stress relief that
attenuates propagating stress wave energy between SA pairs. Both the numerical and experimental results show that the
reduction ratio of the stress wave energy is consistent with the crack development, thus validating the reliability of the
investigated approach. SA-based technology can be used as a potential tool to provide early warning of damage in variable
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cross-section region of bridge structures.
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1. Introduction

Bridge plays a crucial role in urban transportation
system. In a bridge structure, the pier column is an
important load-bearing element that bears vertical loads
(e.g., the weight of the bridge and the passing vehicles) and
horizontal loads transmitted from beams (e.g., the loads
induced by acceleration and braking of the vehicles, seismic
loads, and wind loads). In addition to potential harsh load
conditions, the stress concentration induced by steep
variations in cross section at the junction of pier column and
the platform or drilled shaft makes the column foundation
area be more prone to occur damage. Numerous
investigations of bridge-related disasters show that many
bridge collapses are initiated with the pier column
destruction. In order to enhance the ductility of the bridge
structure, the bottom of the pier column is often designed
with a variable cross-section region (Berry et al. 2008,
Motaref et al. 2014), as shown in Fig. 1. In such design,
overload-induced damage occurs first in the variable cross-
section region and the input energy is mostly dissipated.
There is great utility in monitoring the occurrence and
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development of cracks in bridge column variable cross-
section region to gauge damage severity and provide early
warnings, thereby avoiding bridge collapse and the
associated undesirable consequences.

In recent years, piezoelectric sensors (Huo et al. 2019,
Kong et al. 2017b, ¢, Karayannis et al. 2015) and fiber-
optic sensors (Li et al. 2004, Pan et al. 2006) have
facilitated the rapid innovation of structural health
monitoring technology. Piezoelectric-based methods mainly
include active sensing methods (Kong ef al. 2013, Jiang et
al. 2019, Zou et al. 2019), electro-mechanical impedance
methods (Liang ef al. 2016, Huynh et al. 2015) and passive
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acoustic emission methods (Banjara et al. 2019, Li et al.
2016). Fiber-optic-based technologies including fiber Bragg
gratings (Kuang and Cantwell 2003) and distributed fiber
optic sensing (Feng et al. 2020) have been widely used in
civil structural health monitoring. Particularly of note is
piezoceramic smart aggregate (SA), which is a relatively
new type of transducer consisting of a lead zirconate
titanate (PZT) patch integrated within a protective marble
case (Song et al. 2008), as shown in Fig. 2(a). Fig. 2(b)
shows a fabricated SA that can be used for experiments.
The SA boasts many advantages in field structural health
monitoring, such as robust reliability, great durability, cost
effectiveness, broadband frequency response, simplicity of
implementation, and dual functions as actuator and sensor
(Yan et al. 2009, Liu et al. 2013, Yao et al. 2015, Kong et
al. 2017a).

The unique superiority of SAs has attracted many
researchers to investigate their potential applications for
health monitoring of a wide variety of civil structures. In
SA-based active sensing technique, the characteristics of the
stress wave signal sent from the actuator to the sensor is
closely related to the propagation medium properties. Based
on this phenomenon, many studies have been reported to
monitor the damage severity of key structural members,
including concrete pipe (Feng et al. 2015), concrete pile
(Feng et al. 2016), reinforced concrete columns (Kong et al.
2016, Howser et al. 2011, Gu et al. 2010), steel bolts (Wang
et al. 2017, 2020), and timber structures (Zhang et al.
2018a, b). These studies demonstrated that the occurrence
and development of damage in the propagation medium
significantly reduces the energy of the stress wave signal.
Taking the initial, undamaged state of the propagation
medium as the healthy baseline, the level of internal
damage and the approximate health status of the component
can be inferred by monitoring the loss ratio of the
propagated stress wave energy. Using similar principles,
piezoceramic sensors have been applied for monitoring the
bond slip between different materials. Qin et al. (2015)
analyzed the stress waves propagating between an SA in
concrete and a SA installed on the steel plate to SA monitor
the bond slip of steel plate concrete structure. Results
showed that the process of bond slip can be monitored
accurately and gauged through a damage index commonly
used in active sensing approaches. Similar results have been
obtained in other experiments, including the monitoring of
bond slip in composite structures encased in concrete (Zeng

et al. 2015) and in FRP reinforced concrete structures (Jiang
et al. 2020). In addition to experimental applications,
numerical simulations of piezoelectric materials have
further confirmed the feasibility and effectiveness of the
active sensing approach (Markovic et al. 2015, Quant et al.
2009).

While SAs are favored for their excellent performance
in health monitoring, SAs have not been used to monitor
damage initiation and crack development in regions with
varied cross sections. In this paper, SAs are embedded in
the variable cross-section region of a column-drilled shaft
assembly to monitor the internal damage process of the
region while undergoing monotonic bending loads. In both
numerical and experimental study, it can be seen that the
received sensing signal decreases with the increase of the
crack dimension located in variable cross-section region. A
Wavelet packet-based damage index is adopted to
quantitatively evaluate the column-drilled shaft condition.

2. Active sensing approach

Piezoelectric materials can exhibit both the converse and
the direct piezoelectric effects, which allow dual
functionality as actuators and sensors (Hou ef al. 2012,
2013, Nguyen et al. 2013). These propertics enable
piezoelectric materials to possess multiple functionalities as
well as flexibility in different physical arrangements. In the
SA-based active sensing approach, one actuating SA
generates excitation waves to other, nearby sensing SAs.
During this process, the damage status of the propagating
medium in the wave path between SAs can be analyzed
(Song et al. 2008). This method has been widely adopted in
civil structure health monitoring (Xu et al. 2013, Zhang and
Su2017).

When the medium between the actuator and the sensor
is undamaged, stress waves can propagate mostly
unimpeded. However, when a crack is present in the
medium, stress waves will reflect and diffract at the
interface of the crack. Thus, the energy of the received
signal will be attenuated. Fig. 3 shows the numerical
simulation of stress wave propagation under different
degree of cracking (no crack, 20mm long crack, and 50mm
long crack) in a 2D concrete block. Fig. 3 demonstrates
several underlying principles of active sensing: SA
generated stress waves can propagate in concrete and be
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Fig. 4 Numerical specimen model description

sensed; the energy of the stress wave will attenuate due to
reflection and diffraction at crack interfaces; the larger the
size of the crack, the weaker the signal received by the
sensor. Through the above principles, the active sensing
approach can identify structural damage and evaluate the
degree of damage.

3. Numerical study

In order to verify the effectiveness of the active sensing

approach in the detection of damage in the variable cross
section region of a column-drilled shaft assembly, a
numerical simulation was conducted using the commercial
software Abaqus. The column-drilled shaft assembly
consists of a cuboid column, a cylindrical drilled shaft, and
a square footing, as shown in Fig. 4(a). The dimensions of
the column are 2235 mm in height, 711 mm in depth, and
533 mm in width. The diameter and height of the
cylindrical drilled shaft are 864 mm and 1067 mm,
respectively. The square footing is 508 mm in height and
1676 mm in side length. The concrete is assumed to be
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Table 1 Material properties of the concrete

Elastic modulus
30000 N/mm?

Density Poisson’s ratio

2500 kg/m? 0.2

Table 2 Crack dimensions in four cases

Horizontal crack Vertical crack

Width Length Depth Width Length Depth
(mm)  (mm) (mm) (mm) (mm) (mm)

No crack — — — — — —
Case 1 2 200 200 2 100 20
Case 2 2 300 300 2 200 40
Case 3 2 400 400 2 300 60

isotropic, and its material properties are listed in Table 1.
Fig. 4(b) shows the arrangement of the three SAs, which are
at the same locations as the experiment (Section 3). To
maintain both computational stability and efficiency, the
time increment At and the element type are set to 1E-7 s and
three-dimensional, 8-node linear brick, reduced integration
solid element (C3D8R), respectively.

To simulate damage cases at variable cross-section
region of the column-drilled shaft assembly, a horizontal
crack and a vertical crack were established in two
simulation models, respectively. Figs. 4(c) and 4(d) show
crack pattern and crack location at the variable cross-section
region. The crack pattern adopted in simulation model is
rectangular. Since the simulation analysis is to verify the
effectiveness of the active sensing approach in the detection
of damage in the variable cross-section region of a column-
drilled shaft assembly, crack pattern is simplified by

Amplitude

Time (s) x 107

(a) Signal A collected from horizontal crack model

200;

=
8
.
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-100-

=200
0

Time (s) X104

(c) Signal A collected from vertical crack model

rectangular shape. Both horizontal crack model and vertical
crack model have four cases corresponding to different
levels of crack damage. The specific crack dimensions at
different cases are listed in Table 2. In each case, the middle
SA generates a three-cycle 50 kHz sinusoidal stress wave
signal and the other two SAs receive signals. Figs. 4(e) and
4(f) show the snapshots of the stress wave propagation in
horizontal crack model and vertical crack model,
respectively.

Specifically, Signal A refers to the signal measured by
Sensor A, and Signal B refers to the signal measured by
Sensor B in the drilled shaft assembly. In order to eliminate
the interference from reflected waves, the amplitude of the
first peak of the acquired signals is selected and normalized
for comparison.

Figs. 5(a) and 5(b) compare the received signals from
four cases in the horizontal crack model. Since the location
of the horizontal crack is not on the propagation path of
Signal A, the expansion of the horizontal crack did little
change to the amplitude of the first peak of Signal A. After
normalization against the healthy base line (i.e., no crack),
the amplitudes of the first peak in Signal A are 93%, 89%,
and 80% for cases 1-3 respectively. Since the horizontal
crack is in the propagation path of Signal B, the amplitude
of Signal B changes significantly as the horizontal crack
severity progressed over the four cases. As the horizontal
crack expanded, the amplitude of the first peak in cases 1-3
decreased dramatically to 58%, 2%, 0% the case without a
horizontal crack. This demonstrates that the SA-based
active sensing approach is very sensitive to horizontal crack
damage. Figs. 5(c) and 5(d) compare the signals from four
cases in the vertical crack model. With the development of
the investigated vertical crack, the amplitudes of the first
peak of Signal A and Signal B decrease. Although the
attenuation ratio for vertical crack condition is much
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Fig. 5 Numerical results of sensing signal from four simulation cases
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smaller than that for horizontal crack condition, the
proposed method is still effective to quantify the structural
damage in case of vertical cracks.

The simulation results show that both horizontal and
vertical cracks attenuate the stress wave energy between SA
actuator and sensor. In this research, the SA-based active
sensing approach offers a solution to comprehensively
evaluate the damage condition of drilled shaft assembly
with horizontal cracks and vertical cracks. The numerical
studies in this section prove the feasibility of using
distributed SAs to monitor multi-directional cracks in
variable cross-section region of column-drilled shaft
assembly.

4. Experimental setup and procedure
4.1 Details of the column-drilled shaft assembly

A test specimen consisting of a column-drilled shaft
assembly was designed for the experiment. The dimensions
of the assembly are shown in Fig. 4(a). Fig. 6 illustrates the
reinforcement configuration of the specimen. The column
and the drilled shaft have vertical reinforcements
respectively comprising of 20 and 30 #5 bars. At places
where the cross section varies, 20 #5 dowel bars are
deployed to strengthen the connection. The length of the
drilled shaft and the column are both 749 mm.

The compressive strength of the specimen was measured
from an unconfined compression test using 101.6 mm
(diameter) x 203.2 mm (height) cylinder specimens one day
prior to the loading test. Table 3 lists the material
parameters of the specimens, including the yield and tensile
strengths for the different bars. The deformed steel bars
follow ASTM A615 standards, which dictate a material
strength of Grade 60.

Two groups of SAs were installed on the tensioned side
of the column-drilled shaft (Fig. 6). In each group, three
SAs were lined vertically, with the middle one serving as
the actuator, and the other two serving as sensors. The SA
actuator was situated above the interface between the
column and the drilled shaft, and two SA sensors were
embedded in the column and the drilled shaft, respectively.

2235mm

20 #5 Column Bars

#3 Spacing=102 mm
(with 4 legs of ties) <—|
A

20 #5 Dowel Bar:
30 #5 Shaft Rebars

#3 95.25 mm spirals@T

(a) Vertical section

When the variable cross-section region cracked, the
stress wave energy will decrease. Therefore, the damage
information in the variable cross-section region can be
characterized by the energy attenuation in the monitored
signals. In this way, the location and sequence of cracks can
be monitored and compared with the development of cracks
observed and manually recorded during the experiment.

4.2 Installation and location of SAs

During the process of assembling the reinforcement, two
groups of SAs were installed on the dowel bars. To monitor
the initiation and development of cracks, SAs were placed
on the tension side (north side) of the specimen, as shown in
Fig. 7(a). The tension side possessed 6 dowel bars in total,
and two groups of SAs (three in each group) were vertically
arranged on the first and the third dowel bars respectively,
as shown in Fig. 7(b). In each group of SAs, the middle one
(SA2 and SA4) transmitted stress waves, while the other
two received signals.

4.3 Experimental setup

The setup for applying a uniform bending moment on
the column-drilled shaft assembly is shown in Fig. 8(a). The
base of the drilled shaft was tension-anchored to the strong
floor using 16 high strength threaded rods (31.75 mm
diameter). A steel box beam was connected to the top of the
column using embedded anchors at the top of the column
and through threaded rods on the side of the column. The

Table 3 Material parameters of concrete and deformed steel

bars
Unconfined compressive strength, N/mm?
Concrete Column Drilled shaft
458 50.6
. Yield stress, Tensile strength,
Bar size ) N
Deformed N/mm N/mm
steel bars #3 430.9 663.5
#5 452.1 721.6
71 Imm
Tj -= 864mm
I =} 20 #5 Column Bars
533Jn:m : b | L]
JEe— 120 #5 Dowel Bars
J102mm
Section A-A
864mm
’:ﬁ%\:x 20 #5 Dowel Bars
533mmff Z - I 30 #5 Drilled Shaft

SRRy
N

71 1lmm—

Section B-B

Longitudinal Bars

(b) Cross section

Fig. 6 Reinforcements in the specimen
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load was implemented on the steel box beam, and was
applied with an eccentricity of 1505 mm from the centerline
of the column to create uniform bending moment in the
column-drilled shaft assembly. A 980 kN (in tension) servo-
controlled hydraulic actuator reacted against a steel reaction
beam that was bolted to the strong floor to the generate the
vertical, downward load. Fig. 8(b) shows the data
acquisition (DAQ) system, which included a DAQ board
(NI USB X Series 6361, National Instruments, Austin, TX,
USA), a power amplifier (TREK Model 2100HF, Terk Inc,
Lockport, NY, USA), and a laptop as monitoring terminal in
the experiment.

4.4 Test procedures

The test specimen was monotonically loaded to 296.9
kN, and the whole loading process lasted about 2 hours.
During loading, four signals (received by SA1, SA3, SA4,
SA6) were collected every five minutes. At each
measurement, actuators (SA2/SAS5) generated a swept sine
wave (200 Hz to 200 kHz at 10 V amplitude over 1 s).
Signals received by sensors were recorded by the DAQ
system.

5. Experimental results
5.1 Structural behavior

Fig. 9 shows the load vs. time curve of the specimen in
the experiment. During the loading process, cracks on the
surface of the specimen were recorded in detail and
numbered in the order of appearance. The appearance of
cracks was marked with black dots as shown in Fig. 9. A
total of six main cracks (i.e., cracks 1-6) appeared, as shown
in Fig. 10. All the main cracks formed on tension side of the

350
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Crack 5 ﬁCrack 6
250 rac

200

Crack 3 and crack 4

Load (kN)

150
Crack 2

100
Crack 1

0 0.5 1.0 1.5 2.0
Time (hour)

50

Fig. 9 The load vs. time curve of the specimen
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(a) Cracks on the column

(b) Cracks on the drilled shaft

(c) Cracks near the interface of column-drilled shaft

Fig. 10 Surface of the column-drilled shaft assembly after testing

concrete. The observation records indicated that horizontal
cracks appeared on the tension side and developed towards
the compression side. Four of the six cracks (cracks 1, 2, 4,
and 5) are horizontal cracks, and two (crack 3, crack 6) are
vertical cracks. Cracks 1-4 appeared on the surface of the
column, and cracks 5-6 appeared on the surface of the
drilled shaft. Stage @ to @ refer to the crack initiation,
crack development, and end of the test, respectively. This
demonstrated that damage to the variable cross-section first
occurred at the bottom end of the column, and then
appeared at the top of the drilled shaft.

5.2 Damage index and wavelet packet analysis

The damage index derived from the wavelet packet
decomposition is a commonly used method for signal
processing in structural health monitoring (Wang et al.
2019). In this paper, a damage index was established as
follows. Firstly, a signal X can be decomposed into 2"
signal sets {Xl, X5, ---,X,-,---,in} through n-level wavelet

(Eq. (2)). The energy vector E; at i measurement is
specified in Eq. (3).

X =[x1.%2, " %m] ()
Eij = ”X]”§ = x]%l + x]%Z +oet x]%m (2)
E; = [Ei1, Eig -, Eion] 3)

where j is the frequency band (j = 1,---,2™), m is the data
length, and i is the measurement point when the sensor
signal is collected.

The energy vector of the signal X, in the initial healthy
state is defined as E, = [Eo,l, Eop e, Eo'zn]. The energy
vector of signal X; at measurement i is defined as E; =
[Ei,1: Eip, E i,z"] . The damage index (DI) at
measurement { can be established from Eq. (4) (Song ef al.
2008).

Z?L(Ei,j - Eo,j)2

packet decomposition, where X; is given in Eq. (1). The Dl = )
signal energy is the sum of the squares of each set of signals Zf:l Ey, jz
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The damage index represents the energy loss ratio of the
signal collected at measurement i to the healthy status
signal, and ranges from zero to one. At the initial time, the
structure is healthy with no damage, and the index value is
zero. When damage occurs, the transmitted energy of the
stress wave decreases and the damage index value increases
correspondingly. In the extreme case, the structural damage
is so severe that the stress wave signal cannot be received,
and the damage index value approaches to one.

5.3 Monitoring results

It should be specified that the locations of crack 2 and
crack 5 are outside the monitoring range of the SAs, and the
corresponding damage index results are not presented in
this paper. In order to understand out the correlation
between damage indices and cracks, three stages (marked
by red ovals in Fig. 9) of damage indices related to crack
development are analyzed.

Stage D: At a load of 35.6 kN, crack 1 occurred at the
interface between the column and the drilled shaft,
demonstrating that the interface was the weakest position of
the specimen. The damage indices for stage @O, (i.e.,
loading from 16.5 kN to 46.7 kN) is shown in Fig. 11. Since
crack 1 appeared below the actuators (SA2 and SAS5), the
changes in the DI of SA3 and DI of SA6 were particularly
large in stage (D. The DI of SA3 increased from 0.17 to
0.9, and the DI of SA6 increased from 0.06 to 0.69. The DI
of SA3 was larger because crack 1 was closer to SA2. It is
notable that the DI of SA3 reached a very high value (0.9),
thus precluding further significant increases in subsequent
experiments. The DI of SA1 and DI of SA4 both increased
slightly, indicating that the concrete in the column also
suffered damage when crack 1 occurred. When loading to
129 kN, crack 2 appeared at the top on the column near the
upper end of the dowel bars.

Voltage (V)

165kN  30.0kN 35.0kN 457KN 46.7kN
(a) Signal of SA1

+

Voltage (V)

16.5kN 30.0kN 35.0kN 45.7kN 46.7kN

(c) Signal of SA4

Fig. 12 shows the time domain signals corresponding to
the damage indices in stage (D. No obvious changes can be
observed in the SA1 signals (Fig. 12(a)) and SA4 signals
(Fig. 12(c)). In contrast, the SA3 signals (Fig. 12(b)) and
SAG6 signals (Fig. 12(d)) experienced visible changes. When
the load increased from 16.5 kN to 30 kN, the amplitude of
SA3 signal decreased significantly, and the trend fits well
with the damage indices. A similar phenomenon can also be
observed in the behavior of the SA6 signals when the load
increased from 30 kN to 35 kN. By comparing the time
domain signals with the damage indices, the wavelet
packet-based damage index can accurately describe the
attenuation of the signal during the loading process.
Furthermore, the damage index analysis is highly sensitive
to signal changes and is more efficient than visually
analyzing the time-domain signals.

Stage @: When the load increased t0195.7 kN, crack 3
and crack 4 appeared simultaneously near the bottom of the
column. When the load increased from 181 kN to 209 kN
(stage @), the DI of SA1 increased from 0.8 to 0.97, the DI
of SA4 increased from 0.67 to 0.91, and the DI of SA6
increased from 0.62 to 0.79. At 250.2 kN, crack 5 occurred
at the bottom on the drilled shaft near the lower end of the
dowel bars. Fig. 13 shows the damage indices in stage Q.

Stage @: At 293.6 kN, crack 3 extended from the
bottom of the column to the top of the drilled shaft and
formed crack 6. In stage @ (loading from 254 kN to 302.9
kN), except for the small increase of DI of SA6 (from 0.85
to 0.98), the other signal damage indices approached 1, and
there were no significant changes, as shown in Fig. 14.

The monitoring results demonstrated that the wavelet
packet based DI method can accurately monitor the internal
damage in the variable cross-section region near the
interface of the column and the drilled shaft. The results

0.10
SA3

0.05 h

iladialias

16.5kN 30.0kN 35.0kN 457KN 46.7kN

(b) Signal of SA3

Voltage (V)
=1

-0.05 v

-0.10

0.06

Voltage (V)
(=]

-0.03 I i

-0.06

16.5kN 30.0kN 35.0kN 457KN  46.7kN

(d) Signal of SA6

Fig. 12 Time domain signal comparison in stage D
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agree well with the crack development process observed in
the experiment. It should be noted that the changes in
damage indices precede the occurrence of surface cracks,
demonstrating the effectiveness of proposed method for
providing early warning of damage.

6. Discussions

In this research, SA-based technology was studied to
monitor crack damage in a column-drilled shaft assembly.
Though both numerical and experimental results prove the
feasibility and validity of the proposed method, there are
several drawbacks that limit the current SA-based
technology in the field application. Firstly, SAs have to be
installed at the pre-determined location during concrete
casting, which means the proposed method can hardly be
used to monitor existing structures. Secondly, the area or
volume covered by this monitoring method is limited by
how the SAs are distributed in the structure. If the crack
damage does not occur between the deployed SA pair, those
cracks cannot be identified. Thirdly, SAs used in this
research only generate and receive one-dimensional wave,
therefore the orientation of SAs should be carefully
designed to fulfil the detection purpose. Fourthly, due to the
limitation of existing technology, the only possible way to
compare and confirm the validity of the proposed method is
checking the surface cracks from the test specimens.
Though the results from checking surface cracks cannot
precisely reflect the real crack condition inside the concrete
columns, the authors have delivered their best to collect all
the experimental observation findings to prove the validity
and accuracy of the proposed method. In the authors’ future
work, the current SA design and its installation procedure
will be improved to enhance the field application
possibility.

7. Conclusions

In this study, SAs are installed in the variable cross-
section region of a column-drilled shaft assembly to provide

real time monitoring of the damage severity during loading.
The wavelet packet-based DI coupled with the active
sensing approach were adopted to generate and analyze
signals to quantify the degree of damage at different parts of
a specimen. The comparison between the monitoring results
from a monotonic loading test and the experimentally
observed crack records shows that the changes in the
damage index precedes the occurrence of visible cracks.
The behavior of the DI over the course of the test
corroborates  with the crack evolution, thereby
demonstrating the accuracy of the presented monitoring
methods. The results also demonstrate that SA-based
technologies and evaluation methods are suitable for
generating early warnings for potential damage in
reinforced concrete structures.
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